2 *-ATPase from rat skeletal-muscle sarcoplasmic-reticulum has been reported to be less stable in old animals. These changes were suggested to be due to age-related modifications in the membrane. In the present study, the guanidinium-chloride ( 
S
EVERAL examples have been documented of changes in the structural stability of proteins being involved in biological aging. Thus, changes in the structure of glyceraldehyde-3-phosphate dehydrogenase (Gafni, 1981 (Gafni, , 1983 , and an increase in the heat stability of phosphoglycerate kinase were both found to occur in rat tissues during aging. In these cases, the modifications can be obliterated by unfolding, followed by refolding of these proteins (Yuh and Gafni, 1987; Zuniga and Gafni, 1988) . This laboratory has earlier reported an aging-correlated decrease in the stability of rat SR-ATPase (Gafni and Yuh, 1989) . The sarcoplasmic reticulum Ca 2+ -ATPase (SR-ATPase) is an abundant and well studied membrane protein whose catalytic mechanism has been studied in detail (Jencks, 1989) , and whose structure has been investigated with immunological techniques (Tunwell et al., 1991; Mata et al., 1992) , by electron microscopy (Toyoshima et al., 1993) , as well as by spectroscopic techniques (Suzuki et al., 1989) . Structurally important residues have been identified by site-directed mutagenesis and expression in COS cells (Zhang et al., 1993; Clarke et al., 1993) . Lepock et al. (1990) have reported two thermodynamically independent domains, revealed during thermal denaturation of SR-ATPase, while the urea-induced denaturation of the rabbit enzyme has been reported by Jorge-Garcia et al. (1988) . They found that the ability of this ATPase to form phosphoenzyme with inorganic phosphate in the absence of Ca 2+ was lost at low concentrations of urea (midpoint ca 0.8 M urea), while the abilities to bind calcium and to form two-dimensional crystals were lost at higher concentrations of urea (midpoint ca 2.2 M urea). Jorge-Garcia et al. also found that the ATPase activity was gradually lost from 0 to 3 M urea, and that the enzyme could be fully reactivated from low concentrations of urea (midpoint ca 2.0 M urea). These authors concluded that there is one structural transition at lower concentrations of urea, where the ability to form phosphoenzyme from inorganic phosphate is lost, while the dimeric quaternary structure is still intact.
In our earlier report on aging-correlated decrease in the stability of rat SR-ATPase (Gafni and Yuh, 1989) , we suggested that the lowered stability probably was due to differences in the membrane in old compared to young rats. In the present study, the inactivation and reactivation of the SR-ATPase purified from the same rat strain used previously in aging studies were examined, aiming to determine the time-dependent stability at various concentrations of GuHCl, and to analyze the influence of the membrane on the stability.
METHODS
Materials. -Polyoxyethylene 10 laurylether (C12E10) was obtained from Sigma Corp. (St. Louis, MO). Sarcoplasmic reticulum (SR) vesicles were prepared from Fischer 344 rat skeletal muscle according to the method of Champeil et al. (1978) . Samples were stored frozen at -70 °C in 0.3 M sucrose, 100 mM KC1, 10 mM HEPES, pH 7.4.
Protein concentration and SR-ATPase activity measurements. -The total protein concentration of SR vesicles was determined in 1% SDS with the BCA kit (Pierce, Rockford, IL). The ATPase activity was determined at 24°C by mixing 100 ul of the enzyme sample with 250 ul of a medium containing 100 mM KC1, 5 mM MgCh, 5 mM potassium oxalate, 2 mM ATP in 20 mM MOPS buffer, pH 7.0. Aliquots (70 ul) were withdrawn at 10 s, 5 min, 10 B240 Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/52A/5/B240/617472 by guest on 29 January 2019 min, and 20 min and quenched with 30 ul 10% trichloroacetic acid. The amount of phosphate produced by ATP hydrolysis was determined spectrophotometrically, by measuring the absorbance at 670 nm of an inorganic phosphate-molybdate complex (Ohnishi and Gall, 1978) . A Na 2 HPO4 solution was used as standard. Because of slight variation of the specific activity in different SR-ATPase aliquots, one enzyme aliquot was always used for each series of measurements.
Solubilization of SR-ATPase. -The non-ionic detergent polyoxyethylene 10 laurylether (C l2 Ei 0 ) was used to solubilize the SR-ATPase, since the enzyme has been shown to be stable in this type of detergent (Dean and Tanford, 1977) . The turbidity of a SR-ATPase vesicle suspension in 0.3 M sucrose, 100 mM KC1, 100 mM HEPES, pH 7.4 was measured as a function of C12E10 concentration, to determine the minimum concentration of detergent needed to dissolve the membrane into detergent/phospholipid micelles (Kramer andHeberger, 1986) .
SR-ATPase inactivation. -Guanidine hydrochloride (GuHCl) was used as denaturant, and the concentration of its solutions was determined from the refractive index as described by Nozaki (1972) . SR-ATPase (40 ug/ml) was incubated in 0.3 M sucrose, 100 mM KC1, 5 mM Ca 2+ , 100 mM HEPES, pH 7.4, containing varying concentrations of GuHCl. Aliquots of 100 ul were analyzed for ATPase activity after various times, as described above.
ATPase reactivation. -SR-ATPase was incubated in 0.3 M sucrose, 100 mM KC1, 5 mM Ca 2+ , 100 mM HEPES, pH 7.4, and varying concentrations of GuHCl at a protein concentration of 10 mg/ml. At given times, aliquots were diluted with 0.3 M sucrose, 100 mM KC1, 5mM Ca 2+ , 100 mM HEPES, pH 7.4 to give 40 ug/ml of SR-ATPase, and .03 M of GuHCl. The protein was allowed to reactivate for 15 min, after which the ATPase activity was measured on a 100 ul aliquot as described above.
Data analysis. -The number of data points does not allow a discrimination between possible curve fitting functions. Measurements of the activity as a function of time ( Figure 2 ) have been fitted to the most common inactivation kinetic, exponential decay. In cases of measurements of activity as a function of concentration of GuHCl, a sigmoidal transition has been assumed.
RESULTS
Protein and ATPase activity measurements. -The ATPase activities of different aliquots of the enzyme preparation were between 430-1050 nmol pi/(min»mg) in vesicles, and 1000-1250 nmol pi/(min»mg) when the enzyme was solubilized in 0.2% C12E10. The increase in ATPase activity upon solubilization is due to the uncoupling of ATP hydrolysis from Ca 2+ -pumping. The large range of ATPase activities found for SR vesicles probably reflects the presence of leaky (hence uncoupled) vesicles in some of the aliquots.
Solubilization of SR-ATPase. -At a protein concentration of 200 ug/ml, the turbidity of the vesicle suspension, measured as the apparent absorbance at 670 nm, or from the scattering at 592 nm when excited at 296 nm, decreased with increasing concentrations of C12E10, up to .09% (w/v); at higher concentrations of detergent these parameters did not change, indicating that the vesicles were completely solubilized into mixed lipid/detergent micelles at this concentration of detergent. The ATPase activity was not inhibited by detergent concentrations below 0.4%, and a detergent concentration of 0.2% was chosen for the subsequent experiments.
ATPase inactivation. - Figure 1 presents the GuHCl-induced inactivation of membrane-embedded as well as detergent-solubilized SR-ATPase, showing the latter to be a more cooperative process. From the time courses for inactivation in vesicles as well as in detergent (Figure 2), it is clear that when incubated at 40 ug/ml there is a very rapid loss of activity, the extent of which increases with denaturant concentration. This rapid inactivation step is followed by a slow, further decrease in activity over several hours, after which the activity, especially of enzyme in membrane vesicles, remained stable. This secondary loss of enzymatic activity is independent of the concentration of GuHCl, but appears to be influenced by the concentration of protein, or of the lipid vesicles, since when incubated at 10 mg/ml for 1 h, with or without detergent, there was no loss of ATPase activity (0 M GuHCl in Figures 3 and 4) .
ATPase reactivation. -When SR-ATPase in vesicles was exposed to GuHCl for varying lengths of time, and the solution diluted to 0.03 M GuHCl, it was found that the ATPase activity could be recovered from GuHCl concentrations that cause complete inactivation (Figures 3 and 4) . Thus, under these conditions, all activity could be recovered, even after 19 h, at concentrations of GuHCl of up to .5 Figure 3 . Reactivation of SR-ATPase after incubation at varying concentrations of GuHCl. SR-ATPase (10 mg/ml) was incubated in 0.3 M sucrose, 100 mM KC1, 5 mM Ca 2+ , 100 mM HEPES, pH 7.4, and varying concentrations of GuHCl. After 2 min, 1 h, or 19 h, an aliquot was diluted with the buffer described above to 0.03 M GuHCl and 40 ug/ml SR-ATPase. The enzyme was allowed to reactivate for 15 min, after which aliquots of 100 ul were analyzed for ATPase activity, as described under Methods. The data points represent the responses obtained with 1-3 samples. Circles: 2 min; triangles: 1 h; stars: 19 h. For reference, squares indicate the activity measured after incubation of native SR-ATPase for 2 min, and the dotted line 1 h, at the indicated concentration of GuHCl. The lines represent fitting of the data to one or more sigmoidal transition functions. 0.8 M. As can be seen in Figure 3 , when the ATPase in vesicles was incubated at 0.8 M GuHCl for 1 h, a somewhat higher specific activity was noted upon dilution, compared to the value at 0 M GuHCl (seen in three different samples); this effect may be due to a GuHCl-induced increase in Ca 2+ permeability of the vesicles, yielding a specific activity closer to that found in detergent. The reduced Figure 4 . Reactivation of detergent soiubilized SR-ATPase after incubation at varying concentrations of GuHCl. SR-ATPase (10 mg/ml) was incubated in 0.3 M sucrose, 100 mM KCI, 5 mM Ca 2t , 100 mM HEPES, 0.2% CI 2 EIO, pH 7.4, and varying concentrations of GuHCl. After 2 min, I h, or 19 h, an aliquot was diluted with the buffer described above to .03 M GuHCl and 40 ug/ml SR-ATPase. The enzyme was allowed to reactivate for 15 min, after which aliquots of 100 ul were analyzed for ATPase activity, as described under Methods. The data points represent the responses obtained with 1-3 samples. Circles: 2 min; triangles: 1 h; stars: 19 h. For reference, squares indicate the activity measured after incubation of native SR-ATPase for 2 min, and the dotted line 1 h, at the indicated concentration of GuHCl. The lines represents the fit of the data to a sigmoidal transition function.
reactivation after 19 h, noted at all concentrations of GuHCl, probably reflects an irreversible inactivation of a fraction of the SR-ATPase. As can be seen in Figure 4 , in the case of detergent-solubilized SR-ATPase, the transition to the unreactivatable form is taking place at a somewhat lower concentration of GuHCl; it must also be noted that the fraction of SR-ATPase that can be reactivated from concentrations of GuHCl of higher than 1.5 M is negligible when* the enzyme is solubilized in detergent, while some 20% can be reactivated after 2-min incubation at GuHCl concentrations of 1.5-2.2 M when the enzyme is embedded in the native membrane (Figure 3 ).
DISCUSSION
GuHCl-induced inactivation of SR-ATPase. -It is evident that the kinetics of inactivation of the SR-ATPase, either in vesicles or solubilized in detergent, is multi-exponential (Figure 2) . At all non-zero concentrations of GuHCl, a major decrease in activity takes place within the dead-time of the measurements, i.e., the few minutes needed for assay. The amplitude of this decrease in activity is dependent on the concentration of GuHCl, and this initial, very rapid loss of part of the activity indicates an equilibrium between an active and an inactive form of the SR-ATPase, and not a single exponential inactivation from 100 to 0% activity.
Subsequent to this very rapid loss of part of the activity, a second phase is seen, where additional inactivation occurs over several hours. This second phase seems relatively independent of the concentration of GuHCl. Subsequent to this phase, the remaining activity is stable over many hours, again consistent with an equilibrium between an active and an inactive form of the enzyme. Under some conditions, as at higher concentrations of lipid vesicles, or detergent-solubilized SR-ATPase protein, this phase is not noticeable. For example, at a protein concentration of 10 mg/ml, all activity is still present after 1 h at 0 M GuHCl as seen in Figures  3 and 4 . The addition of dithio threitol (DTT) did not influence the inactivation (data not shown), thus ruling out oxidation as a possible cause. While the reason for the slow decrease in ATPase activity at low concentration of suspended vesicles or solubilized protein is not clear, one possibility would be an irreversible loss of protein due to adsorption to surfaces in the vessels used. It has been reported by Dean and Tanford (1977) that SR-ATPase solubilized at pH 7.5 in a non-ionic detergent similar to that used in the present study, loses activity faster at protein concentrations of 100 fJg/ml than at 1 mg/ml. Corbalan-Garcia et al. (1993) reported that the enzyme is unstable, on a minute time scale, when solubilized at 10 ug/ml in a non-ionic detergent at pH 6.8. Even though Jorge-Garcia et al. (1988) show that the ATPase activity of rabbit SR vesicles does not change over a time period of 30 min at pH 6.8, it has been reported by Xu et al. (1993) that inactivation of rabbit SR vesicles is faster at pH 7.8 than at pH 6.8, and that DTT will provide a degree of protection against loss of activity. Perhaps the slightly higher pH (7.4) used in our study, compared to Jorge-Garcia's, can explain the difference in inactivation in the absence of GuHCl. As stated above, however, we were unable to show that DTT influenced the decrease in activity.
The remaining ATPase activity of rat SR vesicles after 1 h incubation with increasing concentrations of GuHCl (Figure 1) is qualitatively similar to that of the rabbit muscle vesicles, as reported by Jorge-Garcia et al. (1988) after 30 min at various concentrations of urea. GuHCl evidently inactivates the rat vesicles at lower concentrations compared to the effect of urea on rabbit vesicles. When the SRATPase was solubilized in detergent, the cooperativity of the inactivation transition increased, but the concentration of GuHCl that gives 50% inactivation changed only from .18 to .14 M (Figure 1) , indicating that the enzyme is almost as stable against GuHCl inactivation when solubilized in the non-ionic detergent as in the native membrane.
Reactivation of SR-ATPase. -The conclusion drawn above, that an equilibrium exists between an inactive unfolding intermediate and the active form of the SR-ATPase during GuHCl-induced denaturation, leads to the prediction that it should be possible to reactivate the ATPase from these concentrations of GuHCl where a fraction of the enzyme is still active. As is evident from the reactivation experiments shown in Figures 3 and 4 , this is indeed the case. The activity can be recovered not only from those concentrations of GuHCl where there is an active fraction of SR-ATPase, but also from concentrations of GuHCl that cause a total inactivation. This observation differs from the result of the reactivation of urea-inactivated rabbit vesicles, where activity could only be recovered, after 2 or 30 min, from concentrations of urea that did not lead to complete inactivation (Jorge-Garcia et al., 1988) . The recovery of activity observed by us is rather rapid (no difference could be detected if the enzyme was reactivated for 1 min or 1.5 h, data not shown), which is in accordance with the rapid loss of activity observed during denaturation, and this recovery demonstrates that the two forms of the enzyme are in equilibrium. As is evident from the results, the stability of the reactivatable unfolding intermediate is remarkably high, as the transition is only slightly shifted to lower concentrations of GuHCl over a period of 19 h. As can be seen by comparing Figures 3 and 4 , this stability is also only marginally affected by the solubilization of the membrane. This indicates that the inactivation is due to a change in a domain of the enzyme that is outside the membrane. These structural changes thus reside in a site different from that which is modified during aging, as the latter site clearly involves the intra-membranous domain of the ATPase, being strongly affected by membrane status (Gafni and Yuh, 1989) .
Conclusions. -The experiments presented above demonstrate that an inactive, but reactivatable unfolding intermediate exists in the GuHCl-induced denaturation of rat SR-ATPase. This intermediate is in equilibrium with the native state. Since it is also present at similar concentrations of GuHCl in detergent-solubilized SR-ATPase, in contrast to the age-modified form of this protein (Gafni and Yuh, 1989) , the intermediate is not appreciably stabilized by embedding the protein in the membrane. The structural changes in this stable intermediate thus likely involve protein domains that are outside the membrane. Therefore, it can be concluded that the membrane only has a minor contribution to the stability of this unfolding intermediate.
